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Abstract
In this paper we present results of direct numerical simulations of lean hydrogen-air flames freely propagating in a planar narrow
channel with varying flow rate, using detailed chemistry and transport and including heat losses through the channel walls. Our
simulations show that double solutions, symmetric and non-symmetric, can coexist for a given set of parameters. The symmetric
solutions are calculated imposing symmetric boundary conditions in the channel mid-plane and when this restriction is relaxed
non-symmetric solutions can develop. This indicates that the symmetric solutions are unstable to non-symmetric perturbations, as
predicted before within the context of a thermo-diffusive model and simplified chemistry. It is also found that for lean hydrogen-air
mixtures an increase in heat losses leads to a discontinuity of the steady state response curve, with flames extinguishing inside
a finite interval of the flow rate. Non-symmetric flames burn more intensely and in consequence are much more robust to flame
quenching by heat losses to the walls. The inclusion of the non-symmetric solutions extends therefore the parametric range for
which flames can propagate in the channel. This analysis seems to have received no attention in the literature, even if it can have
important safety implications in micro-scale combustion devices burning hydrogen in a lean premixed way.
Keywords: Micro-combustion, Flames in channels, Lean hydrogen flames, Non-symmetric flames, Flame quenching
1. Introduction
Small-scale combustion has received a lot of interest in re-
cent years as a power and heat generation technology (reviews
of the recent technologies and developments can be found in [1–
3]). This is because it presents advantages over existing small-
scale batteries, such as low weight, small size, high power out-
put, fast recharge and long duration. The obtention of high
power in small-scale combustion systems requires, however,
completion of the combustion process in a small volume and
is then limited by the chemical reaction times. Moreover, the
increased surface to volume ratio of small devices results in im-
portant heat losses through the walls affecting the stability and
even the existence of the flame. In summary, the coupling be-
tween fluid dynamics, heat transfer, and chemical kinetics is
much more pronounced for these small systems and is a critical
element of the design process.
The study of freely propagating flames in ducts is also im-
portant for safety reasons: when a mixture of fuel and oxidizer
exists in the conducts of a system, it is fundamental to know
if a flame can ignite and propagate along it. After pioneering
work in the subject of flames propagating in ducts several years
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ago [4, 5], the interest in small-scale combustion systems has
revived the studies on the effects of the channel flow rate [6, 7],
heat-losses [8, 9], the Lewis number [10–14] and thermal ex-
pansion [15–19] on the flame propagation in narrow channels.
Most of these investigations assume from the start that the
final flame shape should be symmetric with respect to a line
of symmetry, either axisymmetric in cases of circular channels
or symmetric about the midplane in cases of two-dimensional
channels. However, numerical analysis has demonstrated that
in narrow channels, for mixtures with Lewis numbers smaller
than one, steady symmetric and non-symmetric solutions may
exist, that the two solutions can co-exist for the same set of
parameters, and that when this is the case, the non-symmetric
solution is stable while the symmetric solution is usually unsta-
ble. For Le > 1, oscillatory symmetric and non-symmetric so-
lutions can appear. This was shown for both adiabatic channels
[10, 13, 14, 19] and channels with heat losses through the wall
[9, 10]. Of course this is an effect of thermo diffusive instabili-
ties that dominate in narrow channels. In relatively wider ducts
a similar effect appears, linked to the hydrodynamic (Darrieus–
Landau) instability [7, 20]. Apart from these studies of flames
freely propagating in narrow channels, the existence of non-
symmetric flames has also been reported in a different configu-
ration, in which flames are stabilized or oscillate in small con-
ducts with heated walls, both in experimental [21] and numeri-
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cal [22–25] investigations. It should be noted that the symmetry
breaking in that configuration is not necesaarily related to Lewis
number or thermal expansion effects, as shown in [26], where
it was reproduced for Le = 1 flames under a constant density
model.
This effect of symmetry breaking, that should a priori affect,
among others, hydrogen-air flames, was first demonstrated in
the context of a constant density (thermo-diffusive) model and
using global one-step Arrhenius chemical kinetics with a sin-
gle reactant characterized by a single constant Lewis number,
so that it could be unmistakebly linked to the diffusive-thermal
instability [9, 10, 13]. Recently, these results have been vali-
dated, within a more realistic direct simulation model, includ-
ing thermal expansion effects and detailed chemical kinetics
and transport, for lean hydrogen-air flames propagating in adi-
abatic channels [19]. It was also shown that non-symmetric
flames burn much more vigorously than the corresponding sym-
metric solution, and that consequently the flashback critical
conditions predicted by simulations are very different when
non-symmetric flames are taken into account.
Here we extend that work [19] and eliminate the simplifying
adiabatic assumption, incorporating conductive heat losses to
the channel walls. Our aim is twofold. First, we want to val-
idate previous results obtained within a simplified model [9],
predicting symetric and non-symmetric solutions for Le < 1
flames propagating in a channel with conducting walls. Sec-
ondly, we want to confirm that flame extinction by thermal wall
quenching occurs inside a finite interval of channel flow rates,
while flames persist for larger positive or negative flow rates,
and obtain a quantitative estimation of the range in which flame
quenching occurs for realistic (stable) hydrogen flames.
To this end, we use direct numerical simulations of the
Navier-Stokes equations and conservation equations for the
species to study lean hydrogen-air flames (equivalence ratio
φ = 0.4, corresponding to flames with effective Lewis number
less that one) in a two dimensional configuration representing
an infinite planar channel of height 1 mm. We use 8 reactive
species and 21 reactions with kinetics given by the San Diego
mechanism [27]. Note that given the difficulty of obtaining
measurements of flames in micro channels, this numerical study
will allow for the first time to have quantitative estimations of
the parametric range of existence and the propagation speeds
(including flashback properties) of lean hydrogen flames freely
propagating in small planar conducts with conducting walls.
2. Problem set-up and numerical simulation
Consider a premixed flame propagating in an infinitely long
planar channel of width h with walls of width hw. A fuel/air
mixture with equivalence ratio φ at the initial temperature T0
flows through the conduct, driven by a Poiseuille flow with
mean velocity U0. If this mixture is ignited, after some tran-
sient a curved flame can be established, provided that the heat
released in the flame can compensate the heat losses through
the walls. The flame will separate the fresh mixture, far to the
left, from the combustion products downstream to the right, as
shown in the sketch in Fig.1. The curvature of the flame is
hw
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Figure 1: Sketch of the problem.
induced by the non-uniform flow and by the heat losses, and
enhanced by preferential diffusion if Le , 1 [9, 10, 13]. In
the present formulation we are neglecting radiative heat losses
and only take into account conductive heat losses to the chan-
nel walls, that are considered inert (no surface reactions are in-
cluded). If these heat losses are sufficiently large the flame can
eventually be extinguished (thermal wall quenching). Depend-
ing thus on the parameters the flame can be extinguished, prop-
agate to the left (flashback), propagate to the right (blowoff), or
be stationary in the channel. The specific shape and propaga-
tion speed of this flame can only be determined numerically by
solving the governing equations of the problem, the conserva-
tion equations for mass, momentum, energy and species:
∂ρ
∂t
+ ∇ · (ρv) = 0,
∂
∂t
(ρv) + ∇ · (ρvv) = −∇p + ∇ · τ,
∂
∂t
[
ρ
(
e +
v2
2
)]
+ ∇ ·
[
ρ
(
e +
v2
2
)
v
]
= −∇ · (pv) + ∇ · (τ · v) − ∇ jq
∂
∂t
(ρYi) + ∇ · (ρYiv) = −∇ · ji + w˙i; : i = 1, ..,N,
(1)
where ρ, v, e and Yi represent, respectively, the density, velocity,
internal energy per unit mass and mass fraction of species i,
p is the pressure, τ the viscous stress tensor, jq the heat flux,
that includes the conductive flux and the diffusive transport of
partial enthalpies, ji represents the diffusion flux of species i
and w˙i the mass of species i produced by chemical reactions per
unit volume and time. Body forces and radiation heat fluxes are
assumed to be zero in the present problem.
To simulate this problem, we solve Eqs. (1) in a long but fi-
nite two dimensional domain. We use the compressible solver
NTMIX-CHEMKIN, a high-order accuracy solver designed for
the direct numerical simulation of flames with detailed chem-
istry [28]. NTMIX-CHEMKIN features a sixth-order compact
differencing scheme [29] and third-order Runge-Kutta time in-
tegration. It incorporates libraries to compute thermodynamic
properties and transport coefficients of the species, as well as
routines for the calculation of reaction rates based on elemental
kinetic mechanisms. The equation of state for perfect gases,
the Navier-Poisson law for the stress tensor and the Fourier
law for the conductive heat flux are used, incorporating a mix-
ture averaged model for the viscosity and the thermal conduc-
tivity. Diffusion fluxes are modeled as proportional to mo-
lar fraction gradients (Hirschfelder-Curtiss model [30]) with a
mixture-averaged diffusivity for each species, estimated from
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the temperature-dependent binary diffusivities. Note that a cor-
rection velocity needs to be incorporated to ensure mass con-
servation [28].
Species diffusion by temperature gradients (the Soret effect)
is included, following [31], [32], where its influence in the on-
set of cellular instabilities in planar flames, and the shape and
heat release rate of curved hydrogen flames was shown. Our
previous study [19] showed also that for hydrogen flames prop-
agating in adiabatic channels the inclusion of the Soret effect
results in appreciably faster flames, by favoring transport of hy-
drogen to hot regions. Note that this will require a careful treat-
ment of boundary conditions as explained later at the end of this
section. The same studies [31, 32] have shown that the Dufour
effect, by which an energy flux is created by species gradients,
is negligible.
As we are interested in the symmetry breaking effect reported
for flames with Le < 1 [9, 10, 13, 14], we have chosen to study
lean hydrogen-air flames with equivalence ratio φ = 0.4. Be-
cause in this case the limiting reactant is hydrogen this should
correspond to an effective Lewis number close to the Lewis
number of hydrogen in the mixture, about Le = 0.3. The re-
cently revisited detailed San Diego chemical kinetics mecha-
nism [27, 33], that models hydrogen-air combustion using 21
elementary reactions between 8 chemically reactive species,
and which has been extensively validated, is used to incorpo-
rate the hydrogen combustion chemical kinetics.
The flame propagation speed of a planar unstrechted
hydrogen-air flame of the same equivalence ratio, UL, together
with its thermal flame thickness, defined as δT = DT /UL, where
DT is the thermal diffusivity of the fresh gas mixture, are intro-
duced to specify the dimensionless parameters of the problem.
This allows comparison between our simulation results and pre-
vious work, usually reported in non-dimensional form. The rel-
evant flame parameters are compiled in Tab. 1.
φ UL (cm/s) δT (mm) h (mm) d m b
0.4 21 0.159 1 40 [-6:8] [0:5]
Table 1: Simulation parameters. Note that UL and δT correspond to the com-
puted speed and thickness of the planar unstretched hydrogen flame when the
Soret effect is included.
The computational domain measures 1 mm in the y-
direction, while the size in the x-direction is typically L = 10
mm, extended to 15 mm or even 20 mm for some cases where
a longer domain is required to accommodate a highly curved
flame. The domain is discretized on a uniform rectangular grid
containing typically 601 × 61 nodes for a channel measuring
10 mm × 1 mm. Grid refinement studies have shown no appre-
ciable difference in the obtained results when the grid resolution
is halved.
Boundary conditions at the left boundary (x = 0) are imposed
as a Poiseuille velocity profile driving a mixture of hydrogen-
air at temperature T0 = 300 K, initial pressure P0 = 1 atm
and equivalence ratio φ = 0.4. At the right boundary (x = L),
partially non-reflecting boundary conditions are imposed using
the NSCBC methodology [34, 35]. These conditions allow to
specify a pressure level at the far field and at the same time
permit physical or numerical waves to leave the domain.
Boundary conditions at the wall represent the gas-solid in-
teraction. If the external surface of the wall is asumed to be at
the fresh gases temperature, T0, and the wall thickness hw is as-
sumed to be small, hw/h  1, then the temperature distribution
within the wall can be taken to be linear [9]:
TB = Ty=0 + (Ty=0 − T0) y/hw
TT = Ty=h + (T0 − Ty=h) (y − h)/hw, (2)
inside the bottom and top wall, respectively.
Imposing continuity of the heat flux in the gas and the inter-
nal surface of the solid wall results in a relation between the
temperature gradient in the gas and solid side of the boundary
which allows to write boundary conditions for the gas tempera-
ture gradient at the wall [9]:
∂T
∂y
∣∣∣∣∣
y=0
=
λw
λghw
(Ty=0 − T0)
∂T
∂y
∣∣∣∣∣
y=h
=
λw
λghw
(T0 − Ty=h),
(3)
where λg and λw are the thermal conductivity of the gas and
the solid surface respectively. These conditions together with
no-flux condition for the species and no-slip velocity condition
represent the gas-wall interaction.
When the species diffusion fluxes are modelled by a mixture-
based diffusivity, the no-flux condition at the walls translates
simply to a zero gradient condition for the molar fractions of
each species. However, if the thermal diffusion (Soret effect)
is included, the no flux condition imposes that the combined
flux created by molecular diffusion (dependent on the gradi-
ents of molar fractions) and thermal diffusion (dependent on the
temperature gradient) should be zero for each species [36, 37].
While for adiabatic walls this boundary condition reduces to a
zero gradient condition on the molar fraction of each species,
this is not true for the general case of walls with heat losses.
The heat transfer parameter λw
λghw
depends of the wall thick-
ness and thermal conductivity, which are taken to be constant,
and the gas conductivity, which varies with temperature in the
flame. We will use as reference a non-dimensional parameter
given by the value of the heat transfer parameter in the unburned
gases scaled with the flame thickness, similar to that introduced
in [9]:
b =
λw
λ0g
δT
hw
, (4)
where λ0g is the thermal conductivity of the unburned mixture.
b = 0 corresponds to adiabatic walls while the limit b = ∞
represents isothermal walls.
Following [13] the heat transfer parameter b, together with
the dimensionless mean flow rate in the channel, scaled by the
laminar flame speed:
m = U0/UL, (5)
and the Damko¨hler number:
d = (h/δT )2, (6)
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will be taken as the dimensionless parameters of the problem. A
channel gap h = 1 mm is used in the present study, correspond-
ing to a fixed Damko¨hler number d = 40, similar to the value
studied in [9, 19].The flow rate m is varied between m = −6 and
m = 8 and the heat transfer parameter b between 0 and 5. These
channel-related parameters are also reported in Tab. 1.
The simulations are initialized with a planar lean (φ = 0.4)
hydrogen-air flame, located at a mid-position in the x-axis. This
flame solution is superimposed to an initial Poiseuille flow with
mean flow rate m. A negative m corresponds to a fresh reactant
mixture flowing to the left in the sketch of Fig. 1, away from the
flame. A positive value of m corresponds to fresh gases flowing
towards the flame. Since both symmetric and non-symmetric
solutions for the flame are expected, and typically when both
type of solutions exist for the same set of parameters the sym-
metric solution is unstable [9, 13, 14], two kinds of unsteady
calculations are undertaken for every value of m and b:
• In the first computation, the full domain is included in the
simulation, and a small non-symmetric perturbation in the
shape of a hot spot just upstream of the flame at a loca-
tion y = 3/4 h is added to the initial conditions. In this
calculations, the unsteady simulation will converge to the
steady stable solution, be it symmetric or non-symmetric.
Note that the non-symmetric hot spot is only introduced
to accelerate the transition. When the symmetric flame is
unstable, even without this initial perturbation, the solu-
tion eventually converges to one of the two possible non-
symmetric flames.
• In the second computation the possibly unstable symmet-
ric solution is sought. To this end, the computational do-
main is reduced to a half channel (0 ≤ y ≤ h/2) and
symmetric boundary conditions are imposed at the chan-
nel axis y = h/2. In such a way the symmetric solution is
forced, even when it is not stable.
A symmetry factor defined as [26]:
S =
1
(Tad − T0) h2
∫ ∞
−∞
∫ h/2
0
[
T (x, y) − T (x, h − y)] dx dy, (7)
equal to zero for symmetric flames, shall be used to distinguish
symmetric and non-symmetric solutions.
After initialization, the flame will change its curvature, de-
pending on the flow rate m and the heat transfer parameter b.
The shape it acquires will determine the wall temperature gra-
dient and therefore the heat loss rate. The balance between the
burning rate and the heat losses will determine whether a flame
can propagate for a given parameter set. Note that for large
values of the heat transfer parameter b extinction could occur
in the transient before the flame has adopted its final curvature
(and its final burning rate). For this reason, for large values of
b initial conditions corresponding to the steady flame solution
in an adiabatic channel were used. In this way the large initial
curvature (and therefore burning rate) prevents the occurrence
of this spurious extinction.
In the case were a flame can self sustain, its propagation
speed will depend on the burning rate and the reactants flow
rate. We name the flame propagation speed with respect to the
wall U f in dimensional units or u f = U f /UL when scaled with
the laminar flame speed, and define it as positive when the flame
propagates towards the left (flashback).
The consumption speed or burning rate (scaled with the lam-
inar flame speed) can be measured by evaluating:
uc = − 1
ρ0YF0 h UL
∫ ∞
−∞
∫ h
0
ω˙F dx dy, (8)
where YF0 and ρ0 are the fuel mass fraction and the density in
the fresh gases and ω˙F is the volumetric mass fuel consumption
rate, defined negative, hence the minus sign ensures a positive
value for uc. For a steadily propagating flame, moving as a
rigid structure without shape changes, the consumption speed
is equal to the flame propagation speed with respect to the fresh
gases.
The dimensionless flame propagation speed with respect to
the wall can then be estimated as:
u f = uc − m, (9)
which is positive if consumption is faster than the reactant mix-
ture inflow rate, in which case the flame propagates towards the
left, and negative when the reactants flow is faster than con-
sumption, in which case the flame propagates towards the right.
When the consumption speed equals the inflow rate the flame
consumes the reactants at the same pace they are fed to the re-
action zone, and is therefore stationary in the channel.
In order to keep the propagating flame inside the computa-
tional domain when u f , 0, we adopt a reference frame moving
with the flame as in [19]. This is implemented by estimating at
every time step the propagation speed u f via the expressions
in Eqs. (8) and (9), and substracting u f from the inlet and wall
boundary conditions for the flow velocity. In all the cases con-
sidered in this work the final flame is stationary in the reference
frame moving at the final propagation speed u f .
3. Results and discussion
3.1. Symmetric and non-symmetric steady solutions.
Let’s first focus on the time evolution of two simulations
of flames propagating in the channel with reactant flow rates
m = −6 and m = +2 and heat transfer parameter b = 0.05,
as presented in Fig. 2. Both simulations are computed in the
full computational domain, with no assumptions on the sym-
metry of the solution. The two unsteady calculations converge
to steady solutions with different burning rates and symmetry
properties. The final steady solution is symmetric with uc = 4.6
for m = −6, and non-symmetric with uc = 5.6 for m = 2.
Given that these are unsteady simulations, the final solutions
are necessarily stable. This confirms that, as was the case in
lean hydrogen flames in adiabatic channels [19], depending on
the flow rate parameter, symmetric and non-symmetric steady
stable solutions can exist. It should be mentioned that when a
non-symmetric flame exists, the corresponding symmetric so-
lution can also be found using a half-domain computation, as
will be shown later.
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Figure 2: The time history of the flame burning rate uc (top) and the symmetry
indicator S (bottom) for two values of the flow rate m in the simulation of flames
propagating in a channel with b = 0.05.
Even if the flames presented in Fig. 2 have similar burning
rates, because of their different shapes they are affected differ-
ently by an increase in heat losses. Indeed, we will show that
the fastest burning flame (m = +2) is extinguished for a smaller
b value than the weakest flame (m = −6). Figures 3 and 4
present the final steady state flames for different values of the
parameters. In these figures we plot contours of the reduced
temperature, θ = (T −T0)/(Tad −T0), and the reduced volumet-
ric heat release rate, Q′ = Q/QmaxL , where Tad and Q
max
L are the
adiabatic flame temperature and the maximum volumetric heat
release rate value in the initial planar flame.
Figure 3 a corresponds to the case where reactants flow to
the left, accompanying the flame, with m = −6 and with heat
transfer b = 0.05. For this flow rate the resulting flame is sym-
metric, as shown by the S = 0 value of Fig. 2, and presents
maxima for the heat release rate and temperature in the middle
of the channel. This results in small wall temperature gradients
and therefore small heat losses. The flame still burns when the
heat transfer parameter is increased by a factor 100, as shown
in Fig. 3 b. The burning rate of the solution with b = 5 is only
slightly smaller than that of the flame with b = 0.05 (uc = 4.5
for b = 5 versus uc = 4.6 for b = 0.05). Thus this flame is,
because of its shape, very robust to wall quenching.
Figure 4 a corresponds to the case with m = +2 and b = 0.05.
In this case the flow is directed to the right, opposed to the
flame. The resulting flame is clearly non-symmetric, as cor-
responds to the non-zero S value of Fig. 2, and presents a large
curvature, which results in a flame burning intensely (uc = 5.6).
The maximum temperature and heat release rate are located in
the vicinity of the wall, resulting in large wall temperature gra-
dients, that can induce large heat losses. When the heat transfer
parameter is small, b = 0.05, the flame presents still high tem-
peratures, exceeding 1.2Tad. As b is increased heat losses grow
rapidly, and for b = 0.35 the flame is close to extinction with a
maximum temperature only slightly over the adiabatic temper-
ature Tad as pictured in Fig. 4 b.
Figure 5 a presents a flame computed in a half channel, with
imposed symmetry about the mid y-axis, for the same set of pa-
rameters (m = +2 and b = 0.05). This flame presents a shape
concave towards the reactants, with maximum heat release and
temperature close to the walls. The curvature is smaller than
that of the non-symmetric flame obtained in the full domain
for the same parameters and the maximum temperature is only
slightly over Tad. As a consequence the burning rate is rela-
tively weak (uc = 1.8) while wall temperature gradients are
important. The result is that for a heat transfer as small as
b = 0.075 the symmetric solution is very close to extinction
(Fig. 5 b). Even if no stability analysis is done in this work, we
can conjecture that these solutions are unstable, because when
the symmetry condition is relaxed, the solution found is the
non-symmetric flame, as shown in Fig. 2. This is a clear exam-
ple of a case in which imposing symmetry of the flame would
lead to erroneous predictions, both in terms of the intensity of
the flame burning and of its wall quenching behavior.
3.2. Flame extinction for symmetric and non-symmetric simu-
lations
We will now explore the behavior of flames in the full range
of variation of m for several values of the heat transfer parame-
ter b. Figure 6 shows a plot of the computed flame propagation
speed u f as a function of the non-dimensional flow rate m for
adiabatic channels (b = 0, open squares) and channels with
weakly conducting walls (b = 0.05, filled circles). Solid lines
correspond to full domain calculations and dashed lines to cal-
culations in a half channel with imposed symmetry about the
mid y-axis. One can see that for large negative values of m all
the curves are close to each other. Indeed, only symmetric so-
lutions exist for m < −3 and the results of full and half domain
computations are identical, so that the dashed and solid curves
coincide for each value of b.
For flames computed in the full domain (solid lines), the
curve corresponding to b = 0.05 stands at a short distance be-
low the adiabatic flames curve (b = 0). The effect of weakly
conducting walls is in this case to lower the burning and prop-
agating flame speeds, but heat losses are not sufficiently strong
to produce extinction.
However, for simulations in the half channel with imposed
symmetry (dashed lines), there is a large interval between about
m ≈ −3 and m ≈ 2 where flames can not sustain heat losses and
are extinguised even for this low value of b. By increasing the
flow rate a branch or burning solutions is found for m ≥ 2.
This behavior, predicting flames extinguising in a finite interval
of values of m and burning again for larger values could seem
paradoxical at first sight. Nevertheless, it is easily explained by
the larger curvatures imposed in the flames by stronger convec-
tive forcing, which result in more intensely burning flames.
In the range of relatively slow flow between m = −3 and
m = 2 the symmetric solutions are nearly planar. This small
curvature implies slow burning rates, so that extinction occurs
even when the heat transfer to the wall is weak. As the flow
rate is increased over m = 2 the flame curvature increases and
so do the burning and propagation speeds (remark that for m
just above 2 there is a sharp increase in the propagation speed
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Figure 3: The reduced temperature θ (left) and the heat release rate Q′ (right) of the steady flame solution obtained for m = −6 and b = 0.05 (a) and b = 5 (b). The
temperature isocontours are plotted at 0.1 intervals and marked with solid lines for θ ≥ 1. The heat release isocontours are plotted at ∆Q′ = 1 intervals.
a
b
Figure 4: The reduced temperature θ (left) and the heat release rate Q′ (right) of the steady flame solution obtained for m = +2 and b = 0.05 (a) and b = 0.35 (b).
The temperature isocontours are plotted at 0.1 intervals and marked with solid lines for θ ≥ 1. The heat release isocontours are plotted at ∆Q′ = 1 intervals.
a
b
Figure 5: The reduced temperature θ (left) and the heat release rate Q′ (right) of the steady flame solution obtained in a half channel imposing symmetry about the
mid y-axis for m+ = 2 and b = 0.05 (a) and b = 0.075 (b). The temperature isocontours are plotted at 0.1 intervals and marked with solid lines for θ ≥ 1. The heat
release isocontours are plotted at ∆Q′ = 1 intervals.
for the adiabatic symmetric flames of Fig. 6). These more in-
tense flames are more resistent to quenching by heat losses, and
therefore a branch of burning solutions appears for m > 2.
As the heat transfer parameter is increased to b = 0.1, the
interval where flames are extinguised also increases. Figure
7 presents a comparison of the propagation speed u f in adia-
batic channels and channels with walls with b = 0.1, computed
in the full domain (solid lines) and the half channel domain
(dashed lines). An interval of symmetric solutions (circles with
dashed lines) between m ≈ −4.5 and m ≈ 2.5 corresponds now
to extinguished flames. A smaller gap appears where the non-
symmetric flames are also extinguished.
Further increases in the heat transfer parameter keep the ten-
dency of increasing the interval where flames are extinguished.
As can be seen in Fig. 8, for b = 0.2 no flame can exist between
the flow rates of m ≈ −4.5 and m ≈ −1, for b = 0.3 the flame
quenching interval is extended up to flows with m ≈ 1 and for
b = 0.5 up to flows with m ≈ 5.5. Only steady state results of
simulations computed in the full domain, corresponding to sta-
ble and therefore realizable solutions are included in this figure.
Note that symmetric, half-domain simulations would have
predicted a larger flame quenching interval for each of the val-
ues of b. Note also that the predicted burning and propagation
rates would be significantly lower. This means that calculations
assuming symmetry about the channel mid-axis would under-
predict the parametric range where flames can propagate along
a given channel as well as the range where flashback propa-
gation can occur. Evidently this underprediction could result
in important safety issues if these calculations are used in the
design or characterization of small combustion systems.
4. Conclusions
Lean hydrogen-air flames freely propagating in planar nar-
row channels with conducting walls were investigated by di-
rect numerical simulation, using detailed chemical kinetics and
transport. A channel size of 1 mm, relevant to the micro com-
bustion regime, and lean mixture conditions with φ = 0.4, cor-
responding to Le < 1, were chosen as fixed parameters, while
the reactants flow rate and the heat transfer parameter were var-
ied.
The simulation results show that double solutions, symmet-
ric and non-symmetric, can coexist, which is a confirmation of
earlier results obtained within a thermo-difusive (constant den-
sity) approximation for Le < 1 flames [9]. Even if no stability
analysis has been performed, we have verified that when the
two solutions exist, the symmetric flame solution is unstable to
small perturbations and the non-symmetric flame is stable. This
agrees with our previous stability analysis results [9, 13].
Our study confirms as well the findings of [9], where a gap
was obtained in the flame response curve, indicating that heat
losses can make flame propagation impossible for small flow
rates. In addition, because of the adopted DNS approach, it
provides a quantitative estimation of the range of conditions
where this flame quenching by heat losses through the wall can
be expected. The more vigorous burning associated to non-
symmetric flames, with combustion being up to five times faster
than in symmetric flames, results in self-sustained combustion
for a larger parametric range. This has important safety im-
plications, as numerical estimations of the risk of flashback in
small-size conducts containing lean hydrogen mixtures would
erroneously predict lower flashback risk if symmetric condi-
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Figure 6: The propagation speed u f of non-symmetric (solid lines) and sym-
metric (dashed lines) flame computations as a function of the flow rate m for
b = 0 (empty squares) and b = 0.05 (filled circles).
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Figure 7: The propagation speed u f of non-symmetric (solid lines) and sym-
metric (dashed lines) flame computations as a function of the flow rate m for
b = 0 (empty squares) and b = 0.1 (filled circles).
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Figure 8: The propagation speed u f of steady stable flames as a function of
the flow rate m for b = 0 (empty squares) and b = 0.05, 0.1, 0.2, 0.3 and 0.5
(filled circles). The propagation speed obtained for adiabatic symmetric domain
computations is also represented with empty squares and dashed lines.
tions are imposed. Of course the same is potentially true for
any Le < 1 reacting mixture.
The present study confirms that CFD calculations used in the
design of small size combustion devices should avoid the com-
mon practice of simplifiying the geometry by assuming that the
symmetry of the cold flow is conserved. The possibility of sym-
metry breaking bifurcations needs to be taken into account to
reliably predict the existence and stability range of flames in
small devices.
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